abstract OBJECTIVE: To investigate the relationship between placenta-mediated pregnancy complications and bronchopulmonary dysplasia (BPD) in very preterm infants.
Bronchopulmonary dysplasia (BPD), which seems to result from a disrupted alveolar and vascular development in lungs, 1,2 remains a common complication of very premature birth with short-and long-term morbidity. Children with BPD experience more respiratory disorders during childhood 3 and have poorer lung function as adults 4 compared with those without BPD; BPD is also associated with poor neurodevelopmental outcome. 5 BPD is strongly associated with low gestational age at birth [6] [7] [8] and low birth weight for gestational age. [9] [10] [11] [12] Mechanical ventilation, oxygen therapy, patent ductus arteriosus, neonatal infection, male gender, and genetic factors are other risk factors. 10, 13, 14 Moreover, placentamediated pregnancy complications were recently suggested to be associated with BPD. These include maternal disorders resulting from placental dysfunction such as gestational hypertension and preeclampsia and fetal disorders such as fetal growth restriction (FGR), which can occur without maternal hypertension. 15 Maternal blood levels of antiangiogenic factors arising from the placenta are increased in these disorders. [16] [17] [18] The current paradigm suggests that imbalanced circulating proangiogenic and antiangiogenic factors could impair vasculogenesis in fetal lungs, which may lead to general disorders in lung development. 2, 19, 20 However, results are conflicting regarding the relationship between placentamediated pregnancy complications and BPD. Some studies found an association with BPD, [21] [22] [23] but others did not. 10, 24, 25 Most studies focused on maternal disorders but did not look at fetal consequences of placenta-mediated pregnancy complications.
This study aimed to determine whether placenta-mediated pregnancy complications are associated with BPD in a cohort of very preterm infants. We characterized pregnancies according to maternal and fetal clinical features of placental dysfunction. We speculated that placentamediated pregnancy complications would increase the risk of BPD and that it would be highest when mothers and fetuses both had clinical repercussions of placental dysfunction.
METHODS

Study Population
This study included the 2697 singletons born alive between 22 and 31 completed weeks of gestation from the EPIPAGE-2 cohort, a prospective population-based study conducted in 25 regions in France in 2011 that included all deliveries from 22 to 31 completed weeks of gestation and a sample of births from 32 to 34 weeks. The EPIPAGE-2 study was approved by the National Data Protection Authority and ethics committees (Comité Consultatif sur le traitement de l'information en matière de recherche, Comité de Protection des Personnes Ile-deFrance); details about the design and methods have been described elsewhere. 26 Multiple pregnancies were excluded, as were birth defects that can lead to respiratory disorders (severe congenital heart diseases, tracheal and lung defects, esophageal atresia, congenital diaphragmatic hernia, congenital myopathies, n = 25) and chromosomal aberrations, congenital toxoplasmosis, and congenital cytomegalovirus infections (n = 15), which can alter fetal growth regardless of placental function. BPD status was unavailable for 68 of the 2193 infants alive at 36 weeks' postmenstrual age (PMA); placentamediated pregnancy complications could not be affirmed for 14 of the remaining children. As a result, we had data on placenta-mediated pregnancy complications and BPD for 2111 infants (Fig 1) .
Bronchopulmonary Dysplasia
Moderate to severe BPD was defined as oxygen requirement for a minimum of 28 days and persistent need for oxygen or ventilatory support at 36 weeks' PMA (mechanical ventilation or positive pressure). 27 
Placenta-Mediated Pregnancy Complications
Pregnancy complications were prospectively collected in the EPIPAGE-2 study. Gestational hypertension was defined as systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg occurring after gestational week 20, preeclampsia was defined as gestational hypertension with proteinuria ≥0.3 g for 24 hours; and eclampsia was defined as preeclampsia with seizures during pregnancy or shortly after delivery. Chronic hypertension without preeclampsia was not considered as a placenta-mediated complication. Antenatal-suspected FGR was defined as an estimated fetal weight <10th percentile (according to the care provider reference curve) with ≥1 of the following: abnormal fetal Doppler findings (reduced, absent, or reversed umbilical artery enddiastolic flow; increased middle cerebral artery end-diastolic flow or cerebral redistribution process; reduced, absent, or reversed atrial flow in the ductus venosus), growth arrest, gestational hypertension, or preeclampsia. Growth arrest with abnormal fetal Doppler findings was considered suspected FGR regardless of the estimated fetal weight.
Four mutually exclusive groups of placenta-mediated pregnancy complications were identified: maternal disorders only (gestational hypertension, preeclampsia, HELLP syndrome [hemolysis, elevated liver enzymes, and low platelet count], or eclampsia without antenatalsuspected FGR); fetal disorders only (antenatal-suspected FGR without maternal disorders); maternal and fetal disorders (maternal disorders with antenatal-suspected FGR); and control group (none of these vascular disorders). This group included mainly women who delivered after idiopathic preterm labor, preterm premature rupture of membranes, chorioamnionitis, and hemorrhage.
Maternal and Newborn Characteristics
Data on maternal characteristics (age, BMI, parity, smoking status, chronic conditions) and pregnancy events (gestational diabetes, placental abruption, cesarean delivery) were extracted from medical records. Antenatal corticosteroids were considered administered if the mother received ≥1 injection before delivery.
Gestational age in completed weeks was assigned by the best available obstetric estimate combining the first trimester ultrasonography and the date of the last menstrual period. Birth weight was expressed as percentiles and z scores from Gardosi's intrauterine growth curves corrected for gender and gestational age. 28 Patent ductus arteriosus was diagnosed by clinical signs and echocardiographic findings. Neonatal infections were defined by ≥1 positive blood culture for common pathogens or ≥2 positive blood cultures for coagulasenegative staphylococci. Necrotizing enterocolitis was diagnosed as Bell's stage ≥2. 29 Severe cerebral lesions consisted of intraventricular hemorrhage with ventricular dilatation, parenchymal hemorrhage, and periventricular leukomalacia.
Statistical Analysis
Categorical variables were compared by χ 2 tests. Continuous variables are summarized as medians and interquartile ranges (IQRs) and were compared by rank-sum tests. Recruitment lasted 8 months for infants born at 22 to 26 weeks' gestation and 6 months for those born at 27 to 31 weeks; percentages, medians, and crude odds ratios (ORs) were weighted accordingly. 26 Analyzed and nonanalyzed infants were compared for the main variables.
Associations between placentamediated pregnancy complications and moderate to severe BPD were first analyzed by bivariate analyses. Potential confounding factors were identified as characteristics associated with moderate to severe BPD in our sample (P value adjusted on gestational age ≤ .20) or as relevant factors from the literature. Associations between placentamediated pregnancy complications and moderate to severe BPD were then analyzed by multivariate logistic regression: model A, adjusted for gestational age because it is the main predictor of BPD; model B, additionally adjusted for antenatal potential confounders; model C, birth weight z score introduced into the logistic model as a continuous variable to better understand its role in these associations; and model D, postnatal events included in the final model. Because most of neonatal respiratory variables are strongly associated with BPD, they were not introduced in multivariate analyses to avoid overadjustment. Results are reported as ORs with 95% confidence intervals (CIs). Significance was set at P ≤ .05.
Because the effect of other causes of preterm birth on BPD risk is still controversial, we tested the final model with a smaller control group restricted to the 398 neonates born after spontaneous preterm labor without preterm premature rupture of membranes, chorioamnionitis, or maternal hemorrhage.
Statistical analyses involved use of SAS version 9.3 software (SAS Institute, Inc, Cary, NC).
RESULTS
Among infants born alive at 22 and 23 weeks' gestation, all except 1 died before 36 weeks' PMA.
Overall, 445 out of 2638 (14.7%) liveborn infants without congenital defects or congenital infections died before 36 weeks' PMA ( Table  1) . The in-hospital mortality rates ranged from 6.3% to 17.8% according to pregnancy complication groups. Mortality rates adjusted on gestational age did not differ significantly between the 4 groups. Table 2 summarizes maternal and neonatal characteristics by placentamediated pregnancy complications. Median gestational age was lowest in the control group (29.6 weeks' gestation) as compared with the groups with maternal or fetal disorders (30.1 weeks' gestation, P < .001). As expected, birth weight for gestational age was lower in both groups of placenta-mediated complications with antenatalsuspected FGR as compared with the group with maternal disorders only and the control group (P < .001). Fetal gender, maternal BMI, parity, smoking during pregnancy, diabetes, administration of antenatal steroids, cesarean deliveries, and place of birth also differed between the 4 groups.
In total, 259 out of 2111 infants (11.1%) showed moderate to severe BPD ( Table 3 ). The rates of moderate to severe BPD decreased from 64.7% at 23 to 24 weeks' gestation to 3.2% at 31 weeks' gestation (P < .001). These rates depended on birth weight for gestational age: 14.7% for infants with a birth weight <10th percentile, 11.5% for those in the 10th to 25th percentile, and 9.0% for those in the 25th to 75th percentile (P = .002). The proportion of infants with moderate to severe BPD differed according to placenta-mediated pregnancy complication groups: 8.3% in the group with maternal disorders only, 22.5% in the group with fetal disorders only, 15.4% in the group with maternal and fetal disorders, and 9.2% in the control group (P < .001).
Perinatal characteristics of infants with and without moderate to severe BPD are compared in Table 4 . The proportion of cesarean deliveries, patent ductus arteriosus, and neonatal infections (adjusted for gestational age) was higher among 4 Table 5 presents the results of multivariate analyses. The association with moderate to severe BPD was significant for all 3 placentamediated complication groups when we controlled for gestational age (model A). ORs were only slightly modified after adjustment for maternal characteristics, pregnancy events, and pregnancy management variables (model B). By contrast, controlling for birth weight z score decreased the ORs (model C). Additional adjustment on postnatal events (ie, patent ductus arteriosus and neonatal infections) did not change the ORs further (model D). The risk of moderate to severe BPD no longer differed between the infants with maternal disorders only and the control group but remained significantly higher for those with fetal disorders only (OR = 4.2; 95% CI, 2.1-8.6) and both maternal and fetal disorders (OR = 2.1; 95% CI, 1.1-3.9).
Restriction of the control group to neonates born after idiopathic preterm labor produced the same results (data not shown).
Comparison of Analyzed and Nonanalyzed Infants
Among 2193 surviving infants (Fig  1) , 82 were not analyzed because of missing respiratory status (n = 68), or we could not determine whether there were placenta-mediated pregnancy complications (n = 14). Compared with analyzed infants, nonanalyzed infants had lower gestational age (median 28.3 weeks, IQR [26.9-30 .0] vs 29.9 weeks, IQR [28.1-31.0]; P < .001), had higher rates of placental abruption (15.0% vs 7.6%, P = .02), were less likely to be born in level 3 maternity units (77.4% vs 84.7%, P = .08), were more likely to be transferred after birth (26.0% vs 12.7%, P < .001), and received slightly fewer antenatal steroids (73.7% vs 82.7%, P = .05). 
DISCUSSION
We found an association between placenta-mediated pregnancy complications and moderate to severe BPD if these complications had fetal consequences during pregnancy. Indeed, infants from both groups of placenta-mediated complications with antenatalsuspected FGR had increased risk of moderate to severe BPD, whereas BPD rates in the group with maternal disorders only did not differ from that in the control group.
The strengths of the EPIPAGE-2 study include the prospective and population-based cohort design. Definitions of BPD 27 and other neonatal outcomes 26 by guest on October 23, 2017 http://pediatrics.aappublications.org/ Downloaded from 10th percentile are actually growth restricted. Detailed ultrasound information allowed us to distinguish between FGR and constitutional SGA fetuses by using antenatal criteria (ie, estimated fetal weight, growth arrest, and abnormal Doppler findings). As a result, in our cohort, birth weight was below the 10th percentile by Gardosi's weight charts for 92% of the infants in both groups with antenatal suspected FGR, whereas it was above the 10th percentile for 93% of the infants in the control group. We constructed our groups on the basis of antenatal data only; 48% of the infants with maternal disorders only showed birth weight below the 10th percentile, whereas FGR was not diagnosed during pregnancy. We took this situation into account by adjusting our analyses on the actual birth weight.
About 7% of the eligible infants did not participate in the EPIPAGE-2 study because of parental refusals. However, their gestational age, birth weight, and vital status were available and did not differ significantly from those of participating infants. 32 In addition, data for 82 infants (3.7%) whose parents had agreed to participate were not analyzed because of missing data. The proportion of infants with BPD may have been higher than in the analyzed group because of lower gestational age. However, this selection concerned few infants and probably did not introduce any bias in the associations between placentamediated pregnancy complications and BPD.
Respiratory management characteristics, such as surfactant administration, duration of mechanical and noninvasive ventilation, and postnatal use of corticosteroids, were not considered in the analyses. These variables are strongly correlated with BPD because they reflect an early adverse clinical respiratory course or are markers of BPD. Therefore, including them in the logistic regression analysis might have led to overadjustment.
Early deaths (in the delivery room or neonatal ward) occur frequently in very preterm infants and could affect the associations observed between pregnancy events and BPD. However, in our study, mortality rates did not differ between the groups.
As far as we know, this is the first study evaluating the effects of placenta-mediated pregnancy complications on moderate to severe BPD by separately analyzing their maternal or fetal consequences. One important result is that the risk of moderate to severe BPD is high in pregnancies with fetal disorders but not in those with only maternal disorders. These were not the expected results and could help explain the contradictory findings in the literature. Indeed, previous studies found a positive association 21, 23, 33 or no association 10, 25, 34 between placentamediated complications and BPD. However, a few studies distinguished between preeclamptic women with and without FGR. Bose et al 11 described a positive association between maternal preeclampsia with FGR and BPD and no association between maternal preeclampsia without FGR and BPD. In contrast to our analysis, FGR fetuses were classified in the control group if their mothers did not develop preeclampsia. Moreover, we tried to clarify the part of growth restriction in the relationship between placentamediated complications with fetal disorders and BPD by controlling for the actual birth weight for gestational age. As expected, birth weight for gestational age was associated with moderate to severe BPD, and 7 by guest on October 23, 2017 http://pediatrics.aappublications.org/ Downloaded from it explained in part the association between placenta-mediated complications and moderate to severe BPD. However, a statistically significant association remained, which suggests an independent impact of placenta-mediated complications with fetal disorders on moderate to severe BPD risk.
Our initial hypothesis was that all placenta-mediated pregnancy complications would increase the risk of moderate to severe BPD, but this hypothesis was not confirmed. Pregnancies with placentamediated complications share an imbalance between angiogenic and antiangiogenic factors, 16, 17 which may be responsible for impaired lung development in children. 19 Whether the angiogenic pattern is similar in the different clinical presentations of placenta-mediated complications is unclear; however, some studies found few differences in maternal serum levels of antiangiogenic factors between preeclamptic women with and without FGR. 18 In our results, these 2 groups had differing risks for moderate to severe BPD. Therefore, the antiangiogenic hypothesis is not supported by our results. By contrast, the risk for moderate to severe BPD was higher in both groups with fetal disorders (isolated or associated with maternal disorders), even if the magnitude of ORs differed. Additional investigations are needed to elucidate the mechanisms linking pregnancy events with fetal disorders and BPD. One of them could be the so-called fetal programming phenomenon, that is, the epigenetic alterations induced by the environment in which fetuses develop during pregnancy. This phenomenon is one of the key mechanisms leading to the development of metabolic disorders during adulthood in FGR infants 35, 36 and could have many other consequences.
CONCLUSIONS
Placenta-mediated pregnancy complications with fetal consequences are associated with moderate to severe BPD, regardless of gestational age and birth weight. In contrast, maternal disorders without fetal consequences are not associated with moderate to severe BPD. These results raise new questions about the mechanisms linking placental vascular disorders and BPD, suggesting fetal programming of impaired lung development.
